Photophysiological processes as well as uptake characteristics of iron and inorganic carbon were studied in inshore phytoplankton assemblages of the Western Antarctic Peninsula (WAP) and offshore assemblages of the Drake Passage. Chlorophyll a concentrations and primary productivity decreased from in-to offshore waters. The inverse relationship between low maximum quantum yields of photochemistry in PSII (F v /F m ) and large sizes of functional absorption cross sections (σ PSII ) in offshore communities indicated iron-limitation. Congruently, the negative correlation between F v /F m values and iron uptake rates across our sampling locations suggest an overall better iron uptake capacity in ironlimited pelagic phytoplankton communities. Highest iron uptake capacities could be related to relative abundances of the haptophyte Phaeocystis antarctica. As chlorophyll a-specific concentrations of humiclike substances were similarly high in offshore and inshore stations, we suggest humic-like substances may play an important role in iron chemistry in both coastal and pelagic phytoplankton assemblages. Regarding inorganic carbon uptake kinetics, the measured maximum short-term uptake rates (V max(CO2) ) and apparent half-saturation constants (K 1/2(CO2) ) did not differ between offshore and inshore phytoplankton. Moreover, V max(CO2) and K 1/2(CO2) did not exhibit any CO 2 -dependent trend over the natural pCO 2 range from 237 to 507 matm. K 1/2(CO2) strongly varied among the sampled phytoplankton communities, ranging between 3.5 and 35.3 mmol L À 1 CO 2 . While in many of the sampled phytoplankton communities, the operation of carbon-concentrating mechanisms (CCMs) was indicated by low K 1/2(CO2) values relative to ambient CO 2 concentrations, some coastal sites exhibited higher values, suggesting down-regulated CCMs. Overall, our results demonstrate a complex interplay between photophysiological processes, iron and carbon uptake of phytoplankton communities of the WAP and the Drake Passage.
Introduction
The Western Antarctic Peninsula (WAP) is a productive region of the Southern Ocean, accounting for an annual average primary production of $ 182 g C m À 2 y À 1 (Vernet and Smith, 2006) . Early in the season, primary productivity of this region is thought to be mainly controlled by light availability. In early spring, when day length and solar radiation increase, phytoplankton growth sets in. The bloom development also depends on water column stability (Moline, 1998; Garibotti et al., 2003) . Shallow mixed layers could be related to low wind speeds and high phytoplankton concentrations due to favourable light conditions (Mitchell and Holm-Hansen, 1991; Moline, 1998; Garibotti et al., 2005; Vernet et al., 2008) . Freshwater input from melting sea ice plays an important role in stabilizing the upper water column, thereby enhancing phytoplankton growth (Garibotti et al., 2005) . From spring until the end of summer, large phytoplankton blooms occur along the shelf and coastal environments of the WAP, mainly consisting of large diatoms and less frequently of cryptophytes as well as the haptophyte Phaeocystis antarctica . Even at the end of the summer season, macronutrient concentrations are still relatively high and do not appear to limit phytoplankton growth in WAP waters (Garibotti et al., 2005) . Departing from shelf and coastal regions, phytoplankton productivity and biomass strongly decrease towards offshore waters of the Drake Passage. The negative gradients in productivity and chlorophyll a concentrations result from limiting concentrations of iron (Martin et al., 1990; Hopkinson et al., 2007) . Furthermore, strong winds in this region usually cause a deep vertical mixing of the upper surface layer leading to a reduced overall light availability. Therefore, the availability of iron, but also of light as well as interactions between these limiting factors, control phytoplankton growth and productivity in offshore waters (Alderkamp et al., 2011; García-Muñoz et al., 2014) . Sporadically occurring elevated phytoplankton concentrations in surface pelagic waters have been associated with upwelling of iron-rich bottom water. Similarly, deep chlorophyll maxima have been observed in the Drake Passage resulting from intrusion of winter water with higher iron concentrations (Garibotti et al., 2005; Holm-Hansen et al., 2005) .
To understand the environmental factors that control phytoplankton distribution and productivity patterns in the WAP and Drake Passage region, previous studies mainly characterized phytoplankton community composition and primary production (Prézelin et al., 2000; Varela et al., 2002; Garibotti et al., 2005) . Studies on physiological characteristics of phytoplankton are still scarce, even though they can help to gain a better understanding on phytoplankton ecology. To date, most knowledge has been gained about photophysiological characteristics of natural phytoplankton assemblages (e.g. Hopkinson et al., 2007; Huang et al., 2012; Smith et al., 2013) . As iron is essential for photosynthesis, chlorophyll a fluorescence techniques are often used to resolve the spatial and temporal distribution of iron-limitation in the field (Behrenfeld and Kolber, 1999; Sosik and Olson, 2002; Hopkinson et al., 2007; Behrenfeld and Milligan, 2012) . Although chlorophyll a fluorescence can be affected by other factors such as light (Suggett et al., 2009; Smith et al., 2013) and phytoplankton community structure (Suggett et al., 2009 ), iron limitation is considered to have the strongest influence on chlorophyll a fluorescence in the High Nutrient Low Chlorophyll (HNLC) regions of the Southern Ocean (Boyd and Abraham, 2001) . Next to chlorophyll a fluorescence, information on the degree of iron limitation can also be gained through the assessment of the phytoplankton's cell capacity to take up iron. In laboratory and field studies, iron limitation has been shown to induce high affinity transporters for iron uptake in phytoplankton (Maldonado and Price, 1999; Hassler and Schoemann, 2009) . As most of the dissolved iron pool is complexed to strong organic ligands, Antarctic phytoplankton need to access organic iron using reductases located on their cell surface (Maldonado et al., 2006; Strzepek et al., 2011; Shaked and Lis, 2012) . Siderophores, porphyrins, and saccharides are all iron-binding ligands that can be present in situ (Hutchins et al., 1999; Maldonado and Price, 1999; Hassler et al., 2011a) . Recent data suggest that oceanic iron chemistry is controlled by humic substances-like (HS-like) compounds, including exopolymeric substances (Laglera and van den Berg, 2009; Hassler et al., 2011b) . Unfortunately, information on iron uptake capacities, ligands and HS-like compounds is generally scarce for Antarctic phytoplankton (Hassler and Schoemann, 2009 ) and, to date, does not exist for phytoplankton of WAP and Drake Passage waters.
Inorganic carbon uptake characteristics of natural phytoplankton assemblages were found to depend on ambient CO 2 concentrations, which thus influence the physiological ecology of natural phytoplankton assemblages (Tortell et al., 2008 (Tortell et al., , 2010 Neven et al., 2011) . In addition, surface concentrations of dissolved CO 2 can greatly vary as a result of biological activity. Antarctic phytoplankton growth can result in pCO 2 values less than $ 100 μatm towards the end of a bloom (Arrigo et al., 1999; Cassar et al., 2004; Moreau et al., 2012; Tortell et al., 2013) . The sensitivity of phytoplankton to varying pCO 2 is mainly resulting from the poor affinity of the carbon-fixing enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) for its substrate CO 2 . To ensure efficient carbon fixation rates also under low CO 2 conditions, phytoplankton cells employ carbon concentrating mechanisms (CCMs) that enrich CO 2 at the catalytic site of RubisCO (Reinfelder, 2011) . In laboratory CO 2 -perturbation experiments, bloom-forming Antarctic phytoplankton species were found to have highly efficient CCMs irrespective of the pCO 2 during acclimation . Along natural pCO 2 gradients, CO 2 -dependent regulation of the CCM activity was found in phytoplankton assemblages of the Ross, Weddell and Amundsen Sea (Neven et al., 2011; Tortell et al., 2010 Tortell et al., , 2013 . To date, inorganic carbon uptake characteristics of phytoplankton along the WAP region have not yet been examined.
To better understand the physiological ecology of open ocean and coastal phytoplankton, which experiences different controlling environmental factors (e.g. iron, CO 2 ), inshore communities of the WAP and offshore communities of the Drake Passage were physiologically characterized during the research cruise ANT XXVII-2 onboard RV Polarstern. Next to the characterisation of the phytoplankton community composition and primary productivity, photophysiological processes as well as uptake characteristics of iron and inorganic carbon were studied.
Materials and methods

Field sampling
Field sampling was conducted during cruise ANT XXVII-2 onboard R.V. Polarstern from the 9th to the 27th January 2011. From 15 stations in total, seawater samples were collected in coastal (inshore, bathymetric depth o500 m) and open ocean (offshore, bathymetric 4500 m) waters of the Western Antarctic Peninsula (Fig. 1) . Using Niskin bottles (3-5 bottles à 12 L) attached to a sampling rosette with conductivity, temperature and depth as well as transmission sensors (CTD rosette), seawater samples were collected either from the chlorophyll maximum when present or, in case of a uniform surface mixed layer, from the depth at which transmission-based estimates of biomass appeared highest (Table 1) .
Macronutrients
Macronutrients (nitrate, phosphate and dissolved silicate) of the sampled stations were determined colorimetrically onboard with a Technicon TRAACS 800 Auto-analyzer following procedures improved after Grasshoff et al. (1999) . Samples for the determination of biogenic silica were taken, filtered through a cellulose acetate filter (Sartorius, 0.4 mm) and stored at À 20 1C until further analysis at the home laboratory. Before analysis each filter was dried at 85 1C overnight and biogenic silicate was determined using the method by Koroleff (1983) .
Seawater carbonate chemistry
For the determination of the seawater carbonate chemistry from each station, samples for alkalinity, dissolved inorganic carbon (DIC) and pH were collected. Total alkalinity (TA) samples were taken from the filtrate (Whatman GFF filter, $ 0.6 mm), fixed with 0.03% HgCl 2 and stored in 100-mL borosilicate flasks at 4 1C until further analysis. TA was estimated from duplicate potentiometric titration (Brewer et al., 1986) back in the home laboratory using a TitroLine alpha plus (Schott Instruments) and calculated from linear Gran Plots (Gran, 1952) . Dissolved inorganic carbon (DIC) samples were gently sterilefiltered (Sartorius stedim, 0.2 mm), fixed with 0.03% HgCl 2 and stored in 5-mL borosilicate flasks free of air bubbles at 4 1C until they were measured with a QuAAtro Autoanalyzer (Seal Analytical). Seawater pH was measured on board using a pH/ion meter (model 713, Metrohm) that was calibrated (three-point calibration) using National Institute of Standards and Technology-certified buffer systems. Seawater carbonate chemistry (including pCO 2 ) was calculated from TA and pH (NBS scale) , as well as in situ temperature, salinity and nutrient concentrations using CO2SYS (Pierrot et al., 2006) . Equilibrium constants of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) were chosen. The calculated pH (total scale) and pCO 2 values for each station are given in Table 1 .
Determination of dissolved iron concentrations and humic-like substances
Samples for dissolved iron concentrations and humic-like substances (HS-like) were collected using vinyl gloves and 100 mL sampling vials, which were acid-cleaned according to the GEO-TRACES protocol (www.geotraces.org/libraries/documents/Intercali bration/Cookbook.pdf) prior to the cruise. Please note that samples were taken after the CTD was already in use since a month and trace metal contamination should thus be low. Immediately after sampling, samples were double bagged, frozen and stored at À 20 1C until further analysis. Electrochemical measurements were done using two Metrohm VA 663 stand (Metrohm, Switzerland) coupled to mAutolab II and III potentiostats (Ecochemie, Netherlands) with a hanging mercury drop electrode (HMDE drop size 2, 0.4 mm 2 710%), a glassy carbon rod counter electrode, and a double junction, Ag/AgCl, reference electrode with a salt bridge filled with 3 M KCl. The instruments were controlled using GPES software, version 4.9. Dissolved iron concentrations were determined using competitive ligand exchange cathodic stripping voltammetry as per Croot and Johansson (2000) and Hassler et al. (2013) . First, samples were acidified (1%, qHCL, Seastar) and UV-photoxidised using acid washed quartz tubes and teflon caps. This procedure was efficient to destroy organic matter (Hassler et al., 2011b) .The pH was readjusted to 8.0 using NH 4 OH (Seastar) before addition of competitive ligands and buffer. Dissolved iron was determined following FeCl 3 standard additions (ICP standard freshly diluted daily, Fluka). Dissolved iron concentrations were calculated by dividing the peak height of the reduction current by the sensitivity of the instrument. The accuracy of the iron measurement was verified for typical coastal (NASS 5, National Research Council Canada) and pelagic iron concentrations (SAFE D2 and GEOTRACES) and is presented in Hassler et al. (2011b Hassler et al. ( , 2013 .
To estimate the amount of HS-like compounds in the water, voltammetric measurements were performed according to the method by Laglera and van den Berg (2009) . Briefly, 750 mL of a mixed reagent solution of KBrO 3 (0.4 M, Sigma), EPPS (0.2 M, Sigma), and NH 4 OH (0.2 M, Seastar) was added to 10 ml of sample in the presence of 50 nM iron (ICP standard, Fluka) to buffer the solution to 8.2 and saturate the HS-like material with iron. Each sample was left to react for 1.5 h (in the dark) and analysed in the next 8 h with 4 min deaeration using high purity argon (Air Liquid) followed by 2-5 min deposition time. The detection of HS-like material relies on (i) the absorption of HS-like material on the Hg drop and (ii) the measurement of the reduction current related to the reduction of the iron bound to the HS-like material when the potential is swapped; HS-like is therefore related to iron binding material. The concentration of HS-like was measured following standard addition of Suwanne River fulvic acid to each sample (SRFA, standard I, International Humic Substances Society) and is expressed in mg L À 1 SRFA equivalent. Stock solution of SRFA was prepared monthly and stored at 4 1C in the dark. The detection limit of the instruments was 3.7 mg L À 1 using a 3 min deposition time.
Biomass estimates and phytoplankton community characterisation
For analysis of particulate organic carbon (POC), cells were filtered onto precombusted GF/F-filters (15 h, 500 1C). Filters were stored at À 20 1C and dried for 412 h at 60 1C prior to sample preparation. Analysis was performed using an Automated Nitrogen Carbon Analyser mass spectrometer system (ANCA-SL 20-20, SerCon Ltd.). Samples for the determination of pigment concentration were collected, filtered and stored at À80 1C until analysis in the home laboratory. Pigment composition was analyzed by High Performance Liquid Chromatography (HPLC) following a method described by Hoffmann et al. (2006) adjusted to our instruments as detailed by Taylor et al. (2011) . As a tentative interpretation of the pigment data, we used the programme CHEMTAX (Mackey et al., 1996) , initiated with the pigment ratio matrix proposed by Alderkamp et al. (2012) for the Southern Ocean. By using this matrix, the following phytoplankton groups can be distinguished: prasinophytes, cryptophytes, chlorophytes, diatoms and P. antarctica.
Primary production
Primary production was determined by transfer of the unfiltered seawater into 24 h of light exposure (30 mmol m À 2 s À 1 ) after addition of a 10 mCi (0.37 MBq) spike of NaH 14 CO 3 (Perkin Elmer, 53.1 mCi mmol À 1 ). From the incubations, 0.5 mL aliquots were immediately removed and mixed with 10 mL of scintillation cocktail (Ultima Gold AB, Perkin Elmer) to determine the total amount of added NaH 14 CO 3 . For blank determination, seawater samples were filtered and acidified immediately. At the end of the incubation time, the sample was filtered onto GF/F-filters, acidified with 6N HCl and left in the fume hood to degas overnight. Finally, filters were transferred into scintillation vials, to which 10 mL of scintillation cocktail was added. After Z2 h, the samples were measured on a liquid scintillation counter (Tri-Carb 2900TR, Perkin Elmer) on board. Carbon uptake rates were corrected for total DIC concentrations.
Photophysiological characteristics
Using a fluorescence induction relaxation system (FIRe, Satlantic, Halifax, Canada), information on the efficiency of photochemistry in PSII was gained (Gorbunov and Falkowski, 2004) . Samples were 1 h dark-acclimated prior to measurements to ensure that all photosystem II (PSII) reaction centers were fully oxidized. Samples were then exposed to a strong short saturating flash (80 ms Single Turnover Flash, STF), which was applied in order to cumulatively saturate PSIIs. A relaxation period (60 ms) of 40 weak modulated light pulses followed to record the relaxation kinetics of fluorescence yield. Afterwards, a longer saturating pulse (20 ms Multiple Turnover Flash, MTF) was applied in order to saturate PSII as well as the PQ pool. From this measurement, the minimum (F o ) of the STF and maximum (F m ) fluorescence of the MTF was determined. Using these two parameters, the maximum quantum yield of photochemistry in PSII (F v /F m ¼(F m À F o )/F m ) was calculated. From the STF, the functional absorption cross section of PSII (σ PSII ) was assessed. During the relaxation period after the STF, the re-oxidation time of the Q a acceptor, τ Qa was recorded. Blank corrections at each gain setting were performed with 0.22-mm-filtered seawater. The photosynthetic parameters F o , F m , σ PSII , and τ Qa were fitted using the FIRePro software provided by Satlantic inc. (v. 1.20., Halifax, Canada). All measurements were conducted at 2 1C.
Inorganic carbon uptake kinetics
Phytoplankton were gently concentrated from the seawater samples by gravity filtering (Millipore Amicon stirred cells, model 8400) the contents of 20 L carboys onto 2 mm pore-size polycarbonate membranes filters (Whatman Nucleopore Track-Etch Membrane, 90 mm). To test whether the concentration step decreases the phytoplankton community viability we measured the F v /F m before and after concentration. While we observed no effect in F v /F m caused by concentration of the offshore phytoplankton assemblages, there was a reduction by 10% for some stations of the inshore phytoplankton, indicating a modest effect of our concentration procedure on cell physiological health. Previous studies (Neven et al., 2011; Tortell et al., 2013 ) also observed such an effect particularly in communities that exhibited a large contribution of nanoflagellates. With the concentrated cells, which were constantly kept in suspension by gentle mixing, inorganic carbon uptake kinetics were determined in cells that were transferred to an initially CO 2 -free seawater buffer (20 mM EPPS pH 8.0 or 8.1 depending on the measured in-situ pH), to which increasing amounts of 14 C-spiked inorganic carbon were subsequently added. Prior to experiments, inorganic carbon was removed from the assay buffer by purging 20 mL aliquots with CO 2 -free air for at least 3 h. One milliliter aliquots of phytoplankton concentrated in CO 2 -free assay buffer were dispensed into polypropylene microcentrifuge tubes and placed in a custom-made, temperature-controlled glass chamber (2 1C C additions were adjusted to yield a final concentration of total inorganic carbon ranging from 50 to 10.000 mM. After 10 min of incubation, 600 mL samples were rapidly transferred into 600 mL of 6 N HCl in 20 mL scintillation vials and vortexed to terminate reactions. Sample vials were then placed on a shaker table to degas evolved 14 CO 2 for at least 12 h, and the 14 C activity of residual labeled organic compound samples was measured after adding 10 mL of scintillation cocktail (Ultima Gold AB, Perkin Elmer) using a liquid scintillation counter (Tri-Carb 2900TR, Perkin Elmer). Background activity levels in cell-free blanks were subtracted from all experimental samples. Maximum uptake rates (V max(CO2) ) and half-saturation concentrations (K 1/2(CO2) ) for CO 2 were obtained from a Michaelis-Menten fit. V max values were normalized to cell biomass as measured by fluorometric chlorophyll a (Chl a) determinations onboard in 100-200 mL aliquots of concentrated cell suspensions.
Iron uptake capacities
After 2-4 h dark-acclimation, iron uptake capacities were estimated by addition of 1 nM 55 Fe (Perkin Elmer, 33.84 mCi mg À 1 as FeCl 3 in 0.5 N HCl) to the unfiltered seawater sample. Generally, 2 mL were taken from all samples to determine the initial amount of 55 Fe. Subsequently, cells were exposed for at least 24 h to 30 mmol photons m À 2 s À 1 . At the end of the incubation time, the sample was filtered onto GF/F-filters and rinsed 5 times with oxalate solution that was gravity-filtered for approx. 2 min between each rinsing step, then the filter was rinsed 3 times with natural seawater (Hassler et al., 2011a) . Finally, each filter was collected in a scintillation vial, amended with 10 mL scintillation cocktail (Ultima Gold, Perkin Elmer) and mixed thoroughly (Vortex). Counts per minutes were then estimated for each sample on the shipboard scintillation counter (Tri-Carb 2900TR). Counts per minute were then converted into disintegrations per minute taking into account the radioactive decay and custom quench curves. 55 Fe uptake was then calculated taking into account the initial 55 Fe concentration and the total dissolved iron concentration (background and added). 55 Fe uptake rates were normalized to Chl a.
Results
General characteristics of the different sampling locations
In January 2011, six offshore stations were sampled between 40 and 80 m water depth (Table 1) . These stations exhibited no ice cover and had seawater temperatures between À0.6 and 0.8 1C. For all offshore stations, salinity ranged between 33.7 and 34.0 and the pCO 2 was on average 398738 matm (Table 1) for station 177 and 178, respectively (Table 2) .
Phytoplankton biomass, productivity and community structure
Offshore stations generally had low Chl a concentrations (0.1-0.8 mg L À 1 , Table 2 ) and were characterized by low primary productivity values, generally ranging between 3 and 9 mg C m À 3 d À 1 (Table 1) .
Most offshore phytoplankton assemblages consisted primarily of diatoms (460%, (Table 2 ). In line with this, primary production varied between 9 and 183 mg C m À 3 d À 1 (Table 1) . Highest Chl a-based biomass and primary production was found at stations 175 and 177. Inshore stations were generally dominated by diatoms (470%) except for station 125 (Table 2 , Fig. 2 ) where P. antarctica comprised 50% of the total biomass. While P. antarctica accounted for 18-34% of the total biomass at some stations (125, 160, 172 and 178) , at other stations, in particular coastal sites, P. antarctica was completely absent (175, 177, 191, 194) . A small proportion of cryptophytes (o10%) was observed at stations 125, 160 and 188 (Table 2 and Fig. 2 ).
Physiological characteristics of the sampled natural phytoplankton assemblages
In Table 3 ; t-test: po0.05). Re-oxidation times (τ Qa ) did not differ between offshore and inshore regions (Table 3 ). There was a negative correlation between F v /F m and σ PSII across the sampling sites (Fig. 3a, r¼ À0 .65, po0.01, n¼ 15). F v /F m was also negatively correlated with iron uptake (Fig. 3b, r¼ À0 .77, po0.001, n¼14). Please note that the latter correlation would not be significant when inshore or offshore stations were considered alone. Regarding inorganic carbon uptake kinetics, average K 1/2 and V max values for CO 2 were similar in pelagic and coastal phytoplankton communities (Table 3) . Both parameters did not exhibit a significant correlation with either the phytoplankton species composition or the natural pCO 2 range from 237 to 507 matm. POC/Chl a was, on average, three times higher at offshore relative to inshore sampling sites (Fig. 4a , t-test: po0.005). Iron uptake was on average significantly enhanced in pelagic (10.974.0 pmol Fe (mg Chl Table 2 Chl a, HS-like compounds, macro-and micronutrient concentrations and taxonomic composition of phytoplankton assemblages at the sampled stations. , Fig. 4b ). Normalized to POC, iron uptake was 2.6-fold greater in pelagic (0.6370.13 pmol Fe (mmol POC)
, data not shown) as opposed to coastal phytoplankton assemblages (0.2570.16 pmol Fe (mmol POC)
, data not shown, t-test: po0.0005). A significant positive correlation existed between iron uptake and the relative Phaeocystis abundance (Fig. 5,  r¼0 .82, po0.0005, n¼14). Please note that this correlation would not be significant for inshore or offshore stations alone.
Concentrations of HS-like compounds at our offshore stations were on average 6.670.9 mg L À 1 (Table 2 ). In comparison, higher concentrations were estimated for most of the inshore stations, reaching up to 87 mg L , data not shown). Highest values for HS-like compounds/Chl a were found at the offshore stations 133 and 160 while lowest were observed at the inshore stations 188 and 191 (Fig. 4c) .
Discussion
The WAP is a highly productive ecosystem that exhibits a strong offshore to inshore gradient from low to highly productive waters (Vernet et al., 2008) . Different to previous studies that mainly examined phytoplankton distribution and productivity patterns along this gradient Garibotti et al., 2005; Prézelin et al., 2000) , our field study sought to unravel distinct physiological characteristics of offshore and inshore phytoplankton communities using a suite of various physiological assays. Specifically, we investigated photophysiological processes as well as uptake characteristics of iron and inorganic carbon, for which currently only little information is available for WAP and Drake Passage phytoplankton communities.
Phytoplankton biomass, productivity and community structure
A shift from low to high chlorophyll a concentrations existed between offshore and inshore sampling stations across the WAP waters ( (2002) and Prézelin et al. (2000) , diatoms were predominant at most offshore stations (Table 2 and Fig. 2, 460% ). Only at stations 133 and 198, P. antarctica contributed equally to the total biomass. Coastal and shelf waters of the WAP are known to exhibit significant phytoplankton blooms throughout spring and summer (Prézelin et al., 2000; Varela et al., 2002; Garibotti et al., 2005) . In line with this, coastal stations were characterised by Chl a concentrations of up to 30 mg L À 1 (Table 2) , being highest at stations 175 and 177. Congruently, at the two latter stations primary production was highest, with values of 183 and 98 mg C m
, indicating intense phytoplankton blooms. In contrast to offshore waters, which are primarily controlled by iron availability (Martin et al., 1991) , water column stability is considered as one of the main controlling factors to promote large blooms in shelf waters of the WAP (Mitchell and HolmHansen, 1991; Garibotti et al., 2003) . Accordingly, our coastal sampling sites were characterized by a shallow average Chl a maximum depth of $ 30 m (Table 1) . Diatoms were the dominant phytoplankton group (470%) and responsible for most of the biomass and primary production (Table 2, Fig. 2 ). Next to diatoms, smaller flagellates can also represent important components of the phytoplankton community along the Antarctic continental shelf. The colonial haptophyte Phaeocystis as well as cryptophytes frequently bloom in the WAP region (Rodriguez et al., 2002; Varela et al., 2002) . While diatoms often dominate offshore and southern WAP waters, cryptophytes are typically most abundant in more northern and inshore waters . In this study, P. antarctica and cryptophytes contributed to a minor degree to the total biomass and were absent mainly at coastal stations (Table 2, Fig. 2) . Although in the northern coastal sampling site 125 in the Bransfield Strait, P. antarctica accounted for 50% of the total biomass (Table 2, Fig. 2 ).
Photophysiological and iron uptake characteristics of natural phytoplankton assemblages
Numerous culture and field studies of marine phytoplankton have shown that while iron limitation reduces F v /F m (Greene et al., 1991, Fig. 2 . Phytoplankton species composition based on CHEMTAX analysis of photosynthetic pigments, initiated with the pigment ratio matrix proposed by Alderkamp et al. (2012) for the Southern Ocean. Using this matrix prasinophytes, cryptophytes, chlorophytes, diatoms and Phaeocystis can be distinguished.
1992; Hopkinson et al., 2007; Strzepek et al., 2012) , it increases the size of the functional absorption cross sections σ PSII (Vassiliev et al., 1994; Hopkinson et al., 2007; Strzepek et al., 2012) . Due to the sensitivity of these photophysiological parameters to iron stress, the inverse correlation between F v /F m and σ PSII is commonly used as indicator of iron limitation in HNLC regions (Behrenfeld and Kolber 1999; Hopkinson et al., 2007) . Generally, F v /F m values in iron-limited waters of the Southern Ocean are significantly lowered relative to those observed under iron repletion (Boyd and Abraham, 2001; Sosik and Olson, 2002; Hopkinson et al., 2007; Behrenfeld and Milligan, 2012) . Phytoplankton communities offshore of the WAP are known Table 3 Photophysiological and carbon uptake characteristics of phytoplankton assemblages of all sampling stations.
Location
Station to be iron-limited (Garibotti et al., 2005; Holm-Hansen et al., 2005; Hopkinson et al., 2007) . Accordingly, the mean of F v /F m values of our offshore sampling sites of the WAP was 0.2770.10 (Table 3) , suggesting iron-limitation. Larger sizes of σ PSII may help to compensate for fewer photosynthetic reaction centers under iron-deplete conditions (Strzepek et al., 2012) . Congruently, high values of σ PSII were observed at our offshore sampling sites (8387 228 Å 2 quantum À 1 , Table 3 ). As expected, there was a significant negative correlation between F v /F m and σ PSII across the sampling locations (Fig. 3a) . Besides iron, other factors such as light limitation were found to affect F v /F m and σ PSII in temperate phytoplankton species (Suggett et al., 2009 ), but in Southern Ocean phytoplankton species with much smaller effects of light compared to those of iron (Strzepek et al., 2012; Smith et al., 2013) . However, interactive effects by iron and light limitation cannot be differentiated on the basis of F v /F m and σ PSII , hence complicating the identification of the limiting factor(s). As offshore stations were sampled at depths between 40 and 80 m, light limitation in addition to Fe stress at these depths cannot be ruled out. In comparison to the offshore sites, the mean of (Hopkinson et al., 2007; García-Muñoz et al., 2014) , indicating that neither iron nor light limitation controlled the physiology of these coastal communities. Under iron-limited conditions, iron uptake rates by phytoplankton are usually enhanced as shown in different field and culture studies Hassler and Schoemann, 2009; Hoppe et al., 2013) . Congruently, we observed a negative correlation between F v /F m values and iron uptake rates across our sampling locations (Fig. 3b, r¼ À0 .77, po0.001, n¼ 14), pelagic phytoplankton communities being characterized by significantly higher uptake rates than coastal ones (Fig. 4b ). In line with previous studies (Maldonado and Price, 1999; , the iron-limited pelagic phytoplankton communities had an overall better iron uptake capacity (Figs. 3b and 4b) . Morever, iron uptake rates exhibited a significant positive correlation with relative Phaeocystis abundance (Fig. 5, r¼0 .82, po0.0005, n¼ 14) and a negative correlation with relative diatom abundances (r¼ À0.78, po0.001, n¼ 14, data not shown), suggesting higher iron uptake capacities in phytoplankton communities with significant proportions of Phaeocystis. Findings from laboratory experiments support this observation, showing an enhanced affinity for iron binding for Phaeocystis relative to diatoms (Hassler and Schoemann, 2009 ).
HS-like material are poorly defined iron binding organic material (Laglera et al., 2007; Laglera and van den Berg, 2009) , which could play a role in iron chemistry and subsequently on phytoplankton assemblages. Analyses run in our laboratory demonstrated that not all known iron binding organic ligands contribute to the pool of HA-like. Siderophores ferrioxamine and desferrioxamine B, cytochrome c, and protoporphyrin IX did not contribute to the HS-like material (Hassler, unpublished material) . In contrast, biologically produced exopolymeric substances (Hassler et al., 2011a; Hassler et al., in press) , and terrestrial material such as humic and fulvic substances (Laglera et al., 2007; Laglera and van den Berg, 2009 ) are important compounds contributing to the pools of HS-like and iron binding organic ligands in the Southern Ocean (Chen and Wang, 2008; Laglera et al., 2007; Hassler et al., 2011a) . The presence of these substances can stimulate phytoplankton growth by enhancing iron solubility and/or accelerating iron uptake (Chen and Wang, 2008; Kuma et al., 1999; Hassler et al., 2011a; Hassler et al., 2014) . Even though the nature of HS-like material likely differs inshore from offshore stations, the contribution of HS-like compounds relative to Chl a was similarly high between offshore (22711 mg mg , Fig. 5c ). Similar high ratios of HS-like compounds across all sampling locations were also obtained when normalized to POC (data not shown). These results indicate that HS-like compounds, which are able to bind iron, were present at all sampling stations. We further observed a weak positive correlation between HSlike compounds/Chl a and the relative Phaeocystis abundance (r¼0.57, po0.05, n¼15, data not shown) and a negative correlation with the relative diatom abundances (r¼ À0.59, po0.05, n¼15, data not shown), suggesting high ratios of HS-like compounds in phytoplankton assemblages with significant proportions of Phaeocystis. Laboratory and field experiments with colonial Phaeocystis revealed that they are producers of exopolymeric substances (Santschi et al., 2003) , which are important for iron binding in their colonial mucus (Schoemann et al., 2001 ) and in solution (Hassler et al., in press ). Hence, Phaeocystis mucus could indeed contribute to HS-like material. In line with Hassler et al. (2011a) and Laglera and van den Berg (2009), we suggest that HSlike compounds may play an important role in iron chemistry in phytoplankton assemblages of both, the coastal WAP waters as well as the HNLC waters of the Drake Passage.
Carbon uptake characteristics of natural phytoplankton assemblages
Previous studies on Southern Ocean phytoplankton assemblages provided evidence for widespread HCO 3 À uptake (Cassar et al., 2004; Tortell et al., 2008 Tortell et al., , 2010 Tortell et al., , 2013 Neven et al., 2011) and CCM activity in different regions of the Southern Ocean (Tortell et al., 2008 Neven et al., 2011) . Information on inorganic carbon uptake kinetics for natural phytoplankton assemblages is still limited and only available for phytoplankton communities of the Ross and Amundsen Sea. For these two regions, differential CO 2 -regulation of carbon fixation kinetics of phytoplankton was reported. Whereas phytoplankton assemblages of the Ross Sea were characterized by higher maximum carbon fixation capacities in low pCO 2 waters (Tortell et al., 2010) , no correlation between pCO 2 and any carbon uptake kinetic parameter was observed in sea-ice assemblages of the Amundsen Sea . In the present study, we for the first time present quantitative estimates of maximum shortterm uptake rates (V max(CO2) ) and apparent half-saturation constants (K 1/2(CO2) ) in phytoplankton assemblages of the Drake Passage and the coastal WAP waters (Table 3) . V max(CO2) values of these phytoplankton assemblages ranged between 0.025 and 0.232 mg C (mg Chl a) À 1 h À 1 and were in a similar range as those reported for phytoplankton communities of the Ross and the Amundsen Sea (Tortell et al., 2010 . As shown for Amundsen Sea sea-ice phytoplankton communities, V max(CO2) of phytoplankton communities of the Drake Passage and the coastal WAP did not exhibit any Fig. 5 . Relationship between the relative abundance of Phaeocystis (% of total) and iron uptake capacities of the sampled offshore (black circle) and inshore sampling (white circle) sites.
CO 2 -dependent trend over the natural pCO 2 range from 237 to 507 matm. Regarding K 1/2(CO2) , there was a strong variability among the sampled phytoplankton assemblages, ranging from values down to 3.5 and up to 35.3 mmol CO 2 L À 1 (Table 3) . A similar high variability in K 1/2(CO2) values has been observed in Amundsen Sea sea-ice phytoplankton . For many of the sampled phytoplankton assemblages, K 1/2(CO2) values were below the average CO 2 concentration of the sampled waters (22.673.8 mmol L
). Comparing these values to the half saturation constant K m for CO 2 of purified RubisCO, which ranges between $ 20 and 70 mmol L À 1 for marine phytoplankton (Badger et al., 1998) , there is evidence for CCM activity. Phytoplankton assemblages of the Ross and Amundsen Sea were characterized by similarly low mean K 1/2(CO2) values of $4 and 12 mmol L À 1 , respectively (Tortell et al., 2010 . Iron limitation was found to result in either increased (Young et al., 2014) or decreased CO 2 uptake affinities (Schulz et al., 2007) in different temperate phytoplankton species, in which way Southern Ocean phytoplankton species may respond is at present unresolved. As no significant differences in V max(CO2) and K 1/2(CO2) were manifested between coastal and pelagic phytoplankton assemblages, carbon uptake kinetics were not compromised by iron-deplete conditions offshore. Interestingly, phytoplankton communities of the coastal sampling sites 177, 178, 188 and 191 exhibited particularly high K 1/2(CO2) values of up to 35.372.5 mmol CO 2 L À 1 suggesting down-regulated CCMs. Such low CO 2 uptake affinities (up to $50 mmol CO 2 L À 1 ) were also estimated in sea ice algae of the Amundsen Sea . According to Tortell et al. (2013) , these low CO 2 uptake affinities probably resulted from growth limitation by low macronutrient concentrations (o1 mmol NO 3 À L
). However, macronutrient concentrations at our sampling sites were at least 8 mmol NO 3 À L À 1 and 0.5 mmol PO 4 L À 1 (Table 2 ). In general, macronutrients never get fully depleted in coastal waters of the WAP (Garibotti et al., 2005) and therefore cannot explain the low CO 2 affinities. Another explanation could be that the low CO 2 uptake affinities resulted from reduced carbon turnover rates by RubisCO . Natural phytoplankton assemblages of the WAP near Palmer Station were found to possess extraordinary high RubisCO concentrations (Young et al., 2014) . High RubisCO concentrations could potentially compensate for CCM up-regulation as a lower carbon pool is required to sustain similar high photosynthesis rates. One may hypothesize that our phytoplankton communities, which exhibited these high K 1/2(CO2) values, may benefit from similar physiological characteristics. Unfortunately, this hypothesis cannot be conclusively proven here. Future studies should characterize both inorganic carbon uptake kinetics and RubisCO activities of phytoplankton assemblages to resolve whether low inorganic carbon uptake kinetics could be related to increased RubisCO concentrations.
Conclusions
The results of this study provide a more thorough understanding on photophysiological processes as well as uptake characteristics of iron and inorganic carbon of phytoplankton communities of WAP and Drake Passage waters. The iron-limited pelagic phytoplankton communities showed, next to reduced PSII efficiencies, enhanced iron uptake capacities compared to coastal assemblages. Iron uptake rates as well as HS-like compounds/Chl a were found to coincide with high Phaeocystis abundances, hinting toward an important role of HS-like compounds in iron uptake chemistry of this species. Future studies should better encompass the relationship between the phytoplankton community structure and HS-like compounds and their impact on iron chemistry. As the nature of the HS-like material was not characterized in the present study, future investigations should also take into account iron speciation and ligand dynamics. The investigation of inorganic carbon uptake kinetics provided information for the first time on the efficiency of photosynthetic carbon acquisition of phytoplankton assemblages of the WAP and the Drake Passage. While most phytoplankton communities revealed CCM activity, in particular many coastal phytoplankton assemblages exhibited down-regulated CCMs. Whereas the latter resulted from increased RubisCO concentrations should be verified in future field campaigns.
